Abstract: Extraordinary optical transmission in free space through nanohole arrays has been widely investigated over the past two decades. However, because of its intrinsic nature of periodicity, it suffers from poor integration with nano-/micro-systems. Here, by folding a periodic grating into a compact cavity, we propose a waveguide-based structure within subwavelength, which also exhibits extraordinary optical transmission. Thus, lots of promising applications realized in metallic films can now be migrated onto integrated waveguides in an ultracompact way. Comparing the characteristics of the proposed integrated device and the conventional periodic structure, we reveal the nature of the unexpected transmission spectrum. Based on this principle, a collinear broadband (∼500 nm) polarizer with extinction ratio of >17.8 dB is proposed, with an ultrashort length of 450 nm. Furthermore, this structure has the potential in biological applications when integrated into lab-on-a-chip or microfluidic system. As an example, a biosensor with enhanced sensitivity of 775 nm/RIU is presented.
Introduction
Extraordinary optical transmission (EOT) through metallic films perforated by subwavelength aperture arrays has been intensively studied since it was first observed in 1998 [1] , [2] . In EOT, the periodic structure produces much higher transmission efficiency than predicted by classical aperture theory. It is well known that the resonance of surface plasmon polaritons (SPPs), the hybridization of light, and collective electronic excitations plays a significant role in this process [3] - [5] . The interference of the SPPs on the surface excited by nanostructures located nearby leads to the enhancement or reduction in transmission [4] . Moreover, this unexpectedly strong interaction with light at the front and rear metallic interfaces also brings out lots of consequent applications, including optoelectronic devices [6] , biological sensing [2] , and plasmonic lithography [7] . However, because of the intrinsic nature of periodicity, most of the research to date on EOT has been done in free space using relatively large metallic films. The infeasibility of scaling down the whole device to subwavelength results in the limitation of applications in micro-/nano-systems.
On the other hand, in the investigation of coupling between a dielectric and a metal-dielectricmetal (MDM) waveguide, a phenomenon of extraordinary optical transmission, known as the additional plasmonic assisted coupling [8] - [10] , surprisingly appears. At some cases, this kind of butt coupling mechanism functions even better than a taper in terms of transmission efficiency and structural dimensions [9] , [11] . Recently, many applications have been proposed based on this structure, such as an ultracompact polarizer [12] , nanofocusing in an integrated silicon platform [8] , [13] , and electro-optic (EO) modulators [14] . Some explanations have been made to this phenomenon but not thoroughly [10] .
In this paper, instead of using periodic structure, we proposed a folded one based on cavity effect with subwavelength size on silicon waveguide, which also manifests the phenomenon of EOT. The surface wave that attracts most of attention is well preserved and also dominates in this unexpected transmission phenomenon. We also give an in-depth explanation for those unexpected transmission in a silicon platform reported. With the help of this proposal, lots of promising applications realized upon periodic metallic films in free space now can be migrated onto an integrated waveguide in a compact way. The EOT effect can largely reduce the loss in SPP-based devices, which opens up new possibilities for low-loss and ultracompact nanophotonics based on SPPs. Furthermore, it also has many biological applications when combined with lab-on-a-chip system. Here, we demonstrate an ultracompact broadband polarizer with high extinction ratio, as well as a biosensor with high sensitivity as large as 775 nm/RIU.
Analysis
In the investigation of traditional EOT in free space, a film with nanoslits or nanoholes arrays is always assumed to have infinite dimensions and periods in theoretical work as well as in simulation [3] , [4] . However, it is impossible to realize such an ideal condition in experiment, so tens or hundreds of periods are fabricated in order to achieve better results [15] . Therefore, the dimensions are always over hundreds of micrometers, making it difficult to perform applications within nanoscale. Considering that the essence of EOT is interactions between individual apertures which are yet equal to each other to some extent, we try to fold these periodic structures to one unit with reflectors at two sides as borders, letting the surface wave which used to interact with adjacent apertures now interact with itself. In other words, the reflected surface wave acts as the wave generated by adjacent apertures, and the reflection times corresponds to the periods. That means, for example, the surface wave interacting with itself after being reflected by borders twice corresponds to that generated by the apertures two periods away. Finally, an infinite plane is folded into a compact cavity-like structure. There are many kinds of methods to realize this proposal and the simplest one is shown in Fig. 1 (a) and (b), consisting of two dielectric waveguides (DWs) and an MDM structure. The width of DW is larger than the width of dielectric part in the MDM structure. Thus, the surface wave will be reflected by the dielectric-air surface at two sides. Fig. 1 (c) and (d) depict the electric field profiles of the fundamental modes in these two waveguides at vacuum wavelength of λ = 1.55 μm. The height of the structure throughout the paper is set at 0.22 μm, which is widely used in a silicon-on-insulator (SOI) platform in practice. The width of the DW and the dielectric layer in MDM structure is chosen as 1.4 μm and 0.1 μm, respectively. The dielectric in both waveguides is chosen as silicon with refractive index of n 1 = n g = 3.5 as an example. The metal is silver with material parameters taken from [16] . As can be seen, the mode in the MDM structure is almost confined in the dielectric, showing great difference with that in the DW. However, the conversion between these two modes is unexpectedly high at a certain wavelength similar to the traditional EOT (the scale top views are shown in Fig. 2(c)-(d) ).
In order to explore the features of the waveguide-based EOT structure, we start with the single input interface and compare it to an "unfolded" periodic one, as shown in Fig. 2(a) and (e). Transverse electric (TE) polarized light whose electric polarization direction is parallel to the surface of the substrate is used as the excitation. It should be pointed out that the aperture acts like dipoles, and therefore, the surface waves propagating along two opposite directions are endowed with π difference, while the reflection caused by dielectric-air borders will not bring extra phase change. Therefore, the major difference between these two structures in Fig. 2(a) and (e) is the phase change π. Here, we use a factor m to depict the resonance of SPPs on the surface. According to general coherence theory, we have m = w 1 n eff λ
where the n ef f denotes the effective refractive index of the surface wave, and w 1 is the period of array for traditional EOT. Fig. 2(b) -(f) presents the transmission profile and the factor m with respect to the incident wavelength, calculated by the 3-D FDTD method. Only two parts are involved, the left semi-infinite part presenting a DW and the right one presenting a MDM structure. Monitors are put in the right part near the interface. In Fig. 2(f) , we can see that whenever the incident wavelength satisfies the equation with an integer m, the transmission reaches a minimum, consistent with the theory of the traditional EOT [3] . As for the waveguide-based structure in Fig. 2(b) , due to the phase difference π, the factor m will be an integer plus 0.5 at the minimal transmission. The snapshots of the electric field perpendicular to the surface in Fig. 2(c) , (d), (g), and (h) clearly illustrate the resonance of surface waves (standing wave) at different m. It should be pointed out that transmission are difficult to predict due to the Wood's anomaly [17] - [19] . Like the input case, the output interface, from the MDM waveguide to the DW, owns the similar features. When changing the width of the waveguide, we could obtain Fig. 3(a) easily. In Fig. 3(b) , we measure the output in the opposite direction, which means the launch is set at the MDM structure while the monitors are set at the DW. The white lines are calculated from (1), while the transmission spectrums are calculated from FDTD method. As can be seen, the white lines fit the dark region well, which means the equation could depict the resonance characteristics accurately. After investigation of the surface features, we then explore the resonance inside the MDM structure, which acts like a Fabry-Perot cavity [10] . In order to demonstrate this characteristic, we calculate the transmission at various lengths as shown in Fig. 4 . As expected, the transmission curve vibrates periodically with the periods equal to the theoretical results according to the resonance condition, which are calculated from the equation p = λ/2n ef f . In addition, the transmission peaks of the long wavelength are larger than those of the short one. It is because the transmission for 2 μm from DW to MDM is higher, as shown in Fig. 3 .
Therefore, the extraordinary coupling between DWs and MDM structures can be well interpreted. It is proved that the interference of the surface plasmon wave confined at the interface between the dielectric and metal is the main cause. The influence of structural parameters and material properties all come down to the condition of interference. For example, with the increase of the width, i.e. the cavity length, more oscillations will appear in a certain spectrum, as shown in Fig. 3 . Conversely, no oscillation will be observed with a relatively small width, which accounts for the results in [10] . In [12] , a more efficient coupler, consisting of an air gap in between the metal and dielectric interface, is achieved. Compared to conventional butt coupling, this proposal with the air gap causes less propagation loss for the surface plasmonic wave and higher reflection rate due to the metallic borders. Thus, less energy will be dissipated and larger transmission will be achieved finally.
If one wants to realize high transmission efficiency in a wide spectrum, small dimensions including the width of waveguide and the length of slot are preferred according to the analysis above. Meanwhile, as for the other polarization, i.e. transverse magnetic (TM) polarization, it can be totally cut off without the help of SPPs when the slot is narrow enough. Thus we can obtain an ultracompact polarization selective device like a TE-pass polarizer easily [9] . By optimizing the structure, we choose the structural parameters as w 1 = 0.4 μm, w g = 0.16 μm, L = 0.45 μm, and the height of 0.5 μm. The optimization process in similar to that in [9] . Finally we realize an ultracompact TEpass polarizer with large extinction ratio (>17.8 dB) over a wide bandwidth (>500 nm), as shown in Fig. 5 . Compared to the result in [9] , this proposed design owns the advantages of compactness and better performance.
The small mode volume makes this MDM waveguide an ultrasensitive platform for sensing applications. Particularly, its waveguide integrated design makes it ideal for lab-on-a-chip applications. Here, a waveguide-based biosensor is presented as a potential application in these areas, as shown in Fig. 6(a) . In order to promote the interaction between light and milieu, we hollow out the area around metals. Thus, the cavity mode as well as surface wave can directly sense the milieu change, resulting in a larger shift of transmission spectrum. More importantly, the resonances at the surface and in the MDM structure are cascaded like three Fabry-Perot cavities, which also helps to boost the system sensitivity. The width of the DW and the slot in the MDM structure are set at w 1 = 0.6 μm and w g = 0.2 μm, respectively. The gap between the DW and the MDM structure is 0.3 μm. In addition, because longer cavity length means more oscillations in the transmission spectrum, we try to increase the length of the slot to obtain a better figure of merit, which is totally different from the design of the broadband polarizer. After considering the tradeoff between the length and loss, we finally set L = 1.7 μm. The area around the metal is surface functionalized with antibodies, used to catch specific antigens flowing by in aqueous solution, leading to a change of refractive index in this area and therefore a shift in transmission spectrum, as shown in Fig. 6(b) . The wavelength shift as a function of refractive index is also calculated and presented in Fig. 6(c) , which indicates that the sensitivity can reach 775 nm/RIU.
In the paper, we have only analyzed a simple example with the same width and refractive index of the input and output port. Many promising applications could be explored with various dimensions and materials. For example, when the slot is filled with magneto-optic materials, unidirectional device could be obtained. More novel properties are expected when it is combined with special materials like graphene [20] .
Conclusion
In conclusion, we proposed a waveguide-based structure within subwavelength by folding the conventional periodic structure into one unit based on cavity effect, which also reserves the characteristics of extraordinary optical transmission. Numerical simulation results agree well with our proposed theory. Therefore, lots of promising applications conventionally realized in free space now can be migrated onto integrated waveguide in an ultracompact way. Based on this principle, we demonstrate a broadband polarizer with a high extinction ratio of 17.8 dB and an ultrashort active length of 450 nm. This structure also has the potential in lab-on-a-chip or microfluidic applications. As an example, a collinear nanostructure serving as a compact biosensor with an enhanced sensitivity of ∼ 775 nm/RIU is presented.
